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STUDIES ON THE THWODYNAMIGS OF TIFE ATMOS- 
PHERE. 

By Prof. FRANK R. BIOELOW. 

THE NONADIABATIC ATMOSPHERE. 

THE NONADIABATIC ATMOSPHERE. 

111.-APPLICATION OF THE THERMODYNAMIC FORMULAE TO 

In  the preceding papers of this series it has  been shown 
that in the latitudes of the temperate zones the atmosphere 
is not arranged in such a way that the thermal gradients 
conform to the adiabatic rate of change along the vertical, 

- a z -  
rate, being generally much less. In the t,ropical zones the 
few available observations indicate that in the lower strata the 
temperature gradient esceedfi that amount, or is equal to it. 
Thus 0. L. Fassig’ found the mean of four ascents a t  Nassau, 
in June-July, 1904, to  be 28.3’ C1. at  the surface and 18.3’ C. 
at  1000 meters, evidently the adiabatic rate. H. Hergesell’ 
found for 16 ascents on the Atlantic, in the region between the 
African coast, the Canaries, and the Azorefi, the following 
temperatures : 

dT _- 9.867O C. per 1000 meters, but that they depart from that 
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This is an average adiabatic rate from the lower cloud level 
to 5000 meters, but differs widely from that rate from the sur- 
face to 1000 meters. He also reports’ an adiabatic rate, for 
the ascensions of 1905, from the surface to 1350 meters, then 
a zero or  even a positive temperature gradient to 3550 meters, 
above that a rather rapid fall to 13,000 meters, and higher 
still in the atmosphere a slower rate, indicating an intrusion 
of warm air. 

As the result of my kite work from the U. S. S. Cwsar, over 
the North Atlantic Ocean between Rampton Roads ani1 Gib- 
raltar, during the Spanish Eclipse Expedition, I found the 
temperatures as follows, for the dates June 24, 26, 28, 29, 30, 
July 5, and September 22, 1905: 
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These evidently approximnte the adiabatic rate ou July 5, 
but depart from it on the other dates, notably on September 
22, when the kite ran through a warm stratification, pr01~1,ldy 
blown from the peninsula of Spain over tlie ocean. These 
examples show plainly that meteorologists must be prepared 
to discuss the problems of the circulation of the atniosphere 
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whether the thermal vertical gradients are adiabatic or not, 
and since our common formulae are confined to the adiabatic 
case, i t  is an important study to learn how they can be practi- 
cally modified and rendered flexible enough to meet the 
actually existing conditions. 

FIG. 11. 

I have made an attempt to inclicate the probable arrange- 
ment of the isothermal surfaces in the earth’s atmosphere by 
means of fig. 11. I n  the tropical zones the adiabatic rate pre- 
vails up to a certain Iieight, as the clotted line, ancl above that 
a slower rate. In  the temperate zones there is an intrusion of 
the adiabatic rate into the lower levels and a miring area, but 
generally the temperature-fall is less than the adiabatic rate, 
resulting in a siiiall gradient near the surface and up to 3000 
meters, a more rapid fall to 10,000 meters, and again a slower 
fall due to a rseconcl intrusion of warm air froill the Tropics. 
In the polar zones the teiiiperttture gradients are probably 
small, the air being generally colcl, and having only small 
changes from the surface upward. These suggested iso- 
thermal lines should be coinpared with the circulation de- 
scribed in niy paper, 314 ~NTHLT WEATHER REVIEW, January, 1904, 
fig. 19, where the results of this intrusion of the types I 
and I1 between the temperate nncl the tropical zones are es- 
plained. The arrows are reproclucecl on fig. 11, where i t  is 
seen that three circuits are proposed for each hemisphere; (1) 
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the tropic, circulating anticlockwise; (2) the temperate-tropic, 
circulating clockwise; and (3) the temperature-polar, circula- 
ting feebly anticlockwise for the Northern Hemisphere. I n  
the ternperate zones the local cyclonic and anticyclonic sys- 
tems represent the products of the vertical as well as the 
horizontal mixing of the currents of air derived by transpor- 
tation from different latitudes. The excess of heat of the 
Tropics, producing an adiabatic distribution of temperature 
in their lower strata, works out poleward a t  the top and at  
the bottom by irregular streams, which produce a varying 
system of temperature gradients in the atmosphere of the 
temperate zones, standing about midway in value, namely, 
5.0' C. per 1000 meters, between that prevailing in the Tropics, 
9.87" C. per 1000 meters, and that  probably prevailing in the 
polar zones, as 2.0' to 3.0' C. per 1000 meters. The inter- 
change of heat between the Tropics and the polar zones is 
by means of these three more or less irregular circuits, which 
produce primarily the well-known masses of permanent high 
or low pressure areas standing over the oceans and continents, 
and secondarily the rapidly migrating cyclonic gyrations of 
the temperate zones. We shall make an effort to approach 
our study of this coupler circulation by a transformation of 
the thermodynamic formul= into forms which will be suitable 
for computations in the actual atmosphere, as distinguished 
froin an adiabatic but fictitious atmosphere, which has com- 
monly been discussed by meteorologists. 

DEVELOPMENT O F  THE THERMODYNAMIC FORMUL33. 
I n  the formule derived for discussing the circulation of the 

atmosphere, it is important that  the velocity should be ex- 
pressed as a function of the temperature in a nonadiabatic 
atmosphere. I t  hss been generally the custom to timeat the 
velocity as a function of the pressure P, the density p ,  and the 
gravity g, but it will be equally Talid ancl more valuable to 
make i t  a function of the temperature T, the specific heat a t  a 
constant pressure C,,, and the gravity y. RTe must in doing 
this assume the applicability of two physical laws in the atmos- 
phere. There has been a difliculty in connecting the results 
obtained by these two niethods, which will be pointed out in 
this paper and their reconciliation will be explained. 

I. THE FIRST FORM O F  THE BAROMETRIC FORMULA. 
The special feature of this formula is that the density / I  is 

eliminated by the following process: Assume the Boyle-Cfay- 
Lussac law, P=pRT, and the pressure law, -dt'=pgdz, 

d P  
(1) Then, - -p- RT= gdz. 

Since 3 = 2 0  for tlie standard conditions, we have, 
f 0 To' 

so that, dl' d R  
P B y  

By definition Pv=Bvp,,,3v, ancl - - =- 

For the hypsometric formula the gravity g is computed froin 
the standard gravity 3(, by the factors, (1 + y)= (1 + 0.002ci cos 2q) 

for latitude, and 1 + 1.25 =(1+0.000000196) h for altitude, 

since g0=g ( 1 + y )  

( R, 1 
1 + 1.35 i 

I n  integrating for an atmosphere composed of dry and moist 
air between the heights z,, and z, the temperature term T, which 
is variable, is taken as the mean temperature of the air colnnin 
2-z,,, and the moist air is accounted for by the factor, (1+,3)= 

(1+0.37X i), where e is the vapor tension. Hence, the inte- 

gral mean temperature is, 

'-IT= T,,,,, and !& = (1  +0.3678)= (1 + ~ 8 ) .  
3 Tn 

=C 
" 

We must pass from 3 =?! 

B 

P B  

log 5 =(1+.00157) log go = ( l + q )  log 3, by adding the fac- 

tor (l+rj). 
P H 

Finally, Bo h = K= 18400, 
p,N 

1 for B0=0.760 meter 
p1i1=13595*8 in tlie meter-kilogram system. 
p,, =1.29305 , 
Jf=0.43429 J 

Hence, by integration, 

( 5 )  log 3 Ro . -- Kgo TI,, (1 + 0.378 i) = g,,, ( z  - z0). 
TO 

If = K, is computed as a new barometric constant, and 
To 

TI,, ( 1  + 0.378 

K, T, log 3 = g,,, ( z  - z,,) in mechanical units. 

= T,., the virtual temperature, then, 2 
BO 

( 6 )  
I have computed the logarithmic tables 91, 92, 93 of the 

International Cloud Report, 1898, in such a form that the d ry  
air temperature term ' in ,  the humidity term P m ,  and the gravity 
term y m ,  are kept separate from each other in 

for the sake of accurate and flexible applications in all possible 
meteorological computations. Auxiliary tables can be con- 
structed from these primary tables for any desired applications, 
by way of shortening the work in special cases, such as in 
numerous reductions to any selected plane, or in computing 
the pressures from point to point in the atmosphere, using as 
arguments the temperatures and humidities observed in bal- 
loon or kite ascensions. Especially, they can he used to com- 
pute the dpamical  units of force, or work required to pass 
from point to point, by simply extracting ( z  - co) from the 
tables, with the temperature, humidity, and pressure as the 
arguments and multiplying ( z  - 3") by 3,,v so that 

(7) log Bo = log N + 3 1 ~  - 7)1,3 - nty, 

when there is no circulation or velocity term, + ( Q *  - q*o ) .  
This result is in conformity with the equation, 

- dP = fIrJdZ, 
mitli which we began this discussion. 
11. THE SECOND FORM OF THE B4ROMETRIc: FORMULA IN AN ADIABATIC 

ATMOSPHERE. 
I n  formula ( 1 0 8 ~ )  of my collection in the International 

Cloud Report the abnormal form for clry air was written: 

( 9 )  

tlT . 
d h 

where - ~~ is the actual vertical gradient of temperature and 
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the exponent is undetermined. We acquire from the observa- 
d T  

tions a vertical gradient, - -, which generally differs from d h  

the adiabatic gradient, - =, and seek to determine the 

proper value of the exponent I N .  
From my formula (73), in the adiabatic state for d& = 0, 

dTa 

CtP 
we have 0 = CpdT - RT p, in mechanical units. 

d P  C, d T  
(10) Hence, p = -R , and integrating, 

Hence. 

-0 -” ” 
as before. Hence, we see that 2 supplies the constants for 

the barometric constant K’ in the ndinbatic cme o,zly. These 
substitutions, (12), (13), can be verified by referring to t h e  
formulsF of Table 14. It is well known that the use of the 

I 

formula is not applicable in the actual atmos- 

phere, except to give what is callecl by von Bezold the poten- 
tial temperature To, corresponding with (h’ . 7’) when reducecl 
to the standard pressure Bo. 

Making the following substitutions, 

I’ j‘ d T = T,,, , we ilave Bo [i l l ,  g, = P,, -9- = I?, and 
z 

- 0  
/’o rr, 

P 
(16)  9 ( Z - - z o )  = TI,, log f,” in Naperian logarithms, and 

P g 8--n (17) logPo = ~ R TI:’ 
This result can be obtained again by another process. 

P 
- d P  = + 9 { I  (la, and ( I  = - RT’ Assume, 

Then, - 
d P  - c/ dz 

~ - + - -  ~ 

P R T’ and by integrating, 

111. THE BAROMETRIC FORMULA IN A NONADIABATIC ATNOSPHERE. 

In  the preceding case it has been assumed that the temper- 
ature varies with the height by the adiabatic law, which is, 

1000 
= 0.0098695 “C.,  BO that the temperatures T, - 9u 

dz - c,- Po 
- ~~ 

I .  

of the formu12 of section 11, of which ;o= ~ (E) Li is the 

representative, must have this relation. Now i t  is known 
that this formula in the atmosphere does not apply, except in 
occasional instances, and we, therefore, shall seek a formula 

of the same type which will admit other temperature gradients, 

It has been assumed 
that there was no addition or subtraction of heat in the varia- 
tion of the pressures and temperatures, but as this is only a 
special case i t  will be proper to take the gcneral case, where 
the quantity of heat tlQ is added or.subtracted, besides that 
acquired or lost during the espansion and contraction pro- 
cesses. Since in the stratifications of the atmosphere by cur- 
rents possessing different thermodynamic properties, there is 
departure from the adiabatic state by the term (19, we shall 
resume the full equation for discussion. 

Fig. 12 will make our treatment clear. 

in a quasi-adiabatic atmosphere. 
d T  
dz’ 

-- 

* O  

FIG. lL-The relation of the observed to the adiabatic gradient. 
Let Tu = the initial temperature a t  the height zo 

Ta= adiabatic temperature a t  the height z 
T = observed temperature a t  the height s - 

d To - ‘h- T,, Then the adiabatic gradient is a, = - ~~ d z  s-Z” ’ - 
d T  T - T  

and the observed gradient is, n = - - - -0.. 
dz - z-z,, 
dT, T,-T, Let the ratio of these gradients, 11 = ~ 

( IT-  To- T’ 
Haring regard to the adiabatic thermodynamic equation, 

dP 0 = CpdTa - - 
P 

(1s) 
we observe that the thermal mass passes from (Tozo) to (T,z) 
by the oblique path marked, To to Tu, in conformity with the 
foriiiuls just discussed; i t  can then be carried from the point 
T, to the point T at  the same level z by changing the tempera- 
ture through (T-  T , ) ,  and the addition of the heat 

(J= C,,( T- T(,). Now we have, 

from (18), and aclding, (19) 0 = C,, (To- To) - \ , 

(20) ()= C,, (T-  T,,), we obtain, 

’dP (21) Q = C> (2’ -  T,) - \ ~ , or in the differential form 

’dP 
P 

-0 

* f’ 
-,I 

ClP (22) dQ = C;,dT- -. 
P 

Since (1 T,,= nd T, we have t t  Q= C!, (d T-d T,)= LZd T- CTflI1d 1’. 
Subtracting this value of d o  from equation (23) we find, 

in a quasi-adiabatic form, 

which is true in a stratum where /) is constant, that is, where 
t l T .  the gradient - ~~ IS not changing. 
d“ 

(ti’ (23)  0 = (->tjdT- -, 
1’ 

1 RT 
I’ 

Subst>ituting, = 7, me have, 

and 
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Greater. Adiabatic. Less. 
z 

9.87 
0 

To- T= 0 

n = w = -  

20 

P k k P k P- 
P 0.5 fi  T 

T T T 
1. 73 3.46 6. 92 

= (T+ 19.74) = (T+ 9.87) = (m) 
0 

= = A,<A = A , < 1  =1"=1 < '1 
P = O X P , = O  '0.5 = ' 0 . 5  ' 0  < '1 PI = A, Po < P, P, = Po A ,  < Po P,  = Po 

FIG. 13.-Tlie variations of the ratio n = %. dT 

( 2 5 )  so t h t ,  

The last forms are found as follows: 
. .  (1 T,, I/ 

n u  0, 
By definitmn, - = a,, = , and the ratio, 

k 
k sX*-i 5' g ds 

-- - 
(27 )  k z 1  =-cia = Ra - - Rdll" 

Our formula, therefore, differs from the adiabatic formula 

by the factor n in the e s p n e n t  with . Thisratio )# between 

the adiabatic and observed gradients, depends upon the 
amount of heat added or subtracted from an adiabatic atmos- 
phere to produce the given observed atmosphere within the 
stratum z-q, where the gradient remains a constant. We can 
evidently pass from one stratum to an acljoining stratum either 
continuously by changing ) i  gradually, or discontinuously by 
changing 11 abruptly. The ratio n is a new variable to 
be introduced into the thermodynamic equations in their ap- 
plication to the atmosphere, so that all the standard thermo- 
dynamic equations and discussions become available with this 
simple modification. Such nn exposition as was given by 31. 
Margules in his admirable paper, "Uber die Energie der 
Stiirme," which is limited to the adiabatic case, may be modi- 
fied in this way and be made very useful in practical nieteor- 
ology. It is rarely the case that computations of To to 2: 
from one level to another, z0 to 2, can be made by general 
dynamic formuh:, but they must usually be obxervecl with 
balloons and kites. 

IC-1 

crtn range between (IT, adiabatic gradient 
rl T observed gradient' The rat,io, )i = ~ = ~ 

the limits 1 1  = 0 and 11 = m ; for i i  = 1 the gradient is adia- 
batic; for 17 < 1 the cooling is more rapid than in the adiabatic 
gradient, as in sumiiier afternoons when the ground is super- 
heated and cumulus clouds are forming; for 11 > 1 the cooling 
is less rapid than in the adiabatic gradient, as generally in the 
temperate and polar zones; the Tropics probably conforni t C J  

the adiabatic gradient in the lower strata of the atmosphere. 

IV. CONSTRUCTIUN UF THE PRIMARY DIFFERENTIAL EQUATION. 
Under tlie assumption that is variable we now differentiate 

tlie equation with the variables P, T, n, 

(2s) 

P 
(29) logIJ = / I  - ' log (6). or  for one limit, 

0 

k 
k -  1 (30) log 1' = 11 log T. Piffereatiate, 

d P  
I ,  = 1 1  C1,(IT + PI, T log Tdn. 

(11' t l  T Ill/ 

( 33 ) In  common logs and to (13, 

(34)  ;,dz = n ' Z l r=+  (>, T log T r l z  , for the vertical direction. 

Again, since ) i  ( ; , ( I T -  - 9 ,  by this substitution we hare, d :  - 
d P  J / /  
/ I t / :  (1: ' 
dP = - flc/t!z + /I(I,,T log TtIIj. 

( 3 5 )  -- - - y +  C 1 , T l o g T -  and hence, 

( 3 6 )  
We see then that the effect of the change froin an adiabatic 

atniosphere to any other gradient is accomplished by adcling 
the term pC",,T log TtIi). 

If it should happen that besides the strictly meclianical 
velocities thus indicated there is a further expenditure of heat 
by radiation, it would be necessary to acld the special term, 
f,), - Q. making, from (33), 

( 3 7 )  - = ((),,- (2) + I~P,,(Y'- Tu) + ( l , T l o g T ( ) i - ~ i ~ ) ' .  

It is better to say that the full teriii ('!> T log T ( 1 1  - no)  has a 
radiation part, ((J-t?,,), and a velocity part, C'!] T log T ( ) t - / i ( , ) ' .  

The factor 1 1 ,  clue to an addition or subtraction of heat other 
than 1)y adiabatic expansion ani1 contraction, fully accounts 
for the preseiice of a nonadiabatic gradient, through the strrtti- 
fiication of the layers of air due to transportation horizontally 
froin one latitude to another, or generally froin one place to 
another; or else through the addition or suhtraction of latent 
heat in the condensation of aqueous vapor to water, or by the 

I' JJO 
I' I', 
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(43)  . 

vaporization of water to  aqueous vapor. In effect, by the 
practical use of the factor n, we can dispense with the difficult 
computations which occur in making an allowance for the 
action of the vapor contents of the atmosphere; or, on the 
other hand, we can substitute for n its equivalent in terms of 
such other computations as may be found convenient for par- 
ticular purposes. 

The corresponding formula3 involving P, T, R, p, and 71,  in 
terms of the temperature T, become, 

nk 

P 
=8Q-CPn8T-CpTlog  Tan 

- vt?v + sin 0 (2 11 + Y) icr3y + cos 0 ( 2 n  + v )  itily 
dP --- 

P 

p T k-1 k 

Po To (38) -= (-) ; l o g P = l o g P o + ~ l ~ - ( l o g T - l ~ g T o ) .  X-1 

7 2 - 1  

p h 1 
(41) & = ( 

It is evident that  R is not constant except in the adiabatic 
system for n = 1; and that only that density deteriiiinecl 
through the use of 12 is generally valuable in the atmosphere. 

We will now make the connection between this system of 
equations and the general equations of motion which have 
been employed in meteorology. From the equations (200) of 
the Cloud Report, we have, in connection with the differentia- 
tions of equation (37) along the ases .I:, y, E ,  for the accelerntion. 

; log p = log po + (log P - log Pa). k 

V. APPLICATION TO THE GENER.4L EQUATIONS OF MOTION. 

It is noted that the term for the circulation 4 (q*- T ' ~ )  must be 
added to the equations of sections I, 11, 111, IV, to pass from 

the static state there considered to the circulating state here 
computed. Since we have 
(45) g ( J  - zo) = - C, ) I  ( T  - To), it follows that 
(46)  + ( q X - y * J  = - C;: T log T (n -no), for Q - Qa = 0, 
SO that the circulation can be computed directly in terms of 
T ancl ( n  - t i 0 ) .  This proves that the energy of circulation is 
derived from the diderence of temperature gradients in neigh- 
boring masses of air, where I Z - I L ~  is not equal to zero. More- 
over, since the integral of gclz around a closed curve is zero, 

This is the equation employed by Bjerknes in his discussion 
of the circulation of the atmosphere, and is applicable only in 
closed cvirrw, along all 1mints of which P, p ,  9, or  qdq must be 
known by observations. The difliculty of securing such ob- 
served data simultaneous1~- along the circuit a t  a given time 
is so great that this special caw of the general equation will 
seldoiii be serviceable. I n  ordinary ineteorology i t  is required 
to integrate between the two points, as in the same horizontal 
plane, or in a vertical direction. Since the teriii t ('1'- yzo) 
is expressecl in iuechanicd illeasures and represents work clone, 

so that 
then i t  111ay be taken as equivalent to f (~*-q*,,) = !I (2'- c' 0)' 

(48) f y'=y z', all11 +2 y 3'. 

The circulation is therefore always equivalent to a falling 

Furtherniore, since 0- (2" is also given in mechanicd units, 
velocity tlirough t8he height I', which may be computed. 

it may be taken as equivalent to 
(49) 
(50) (+:/;'' 

0- (Qu=</ (2''-:''o), so that 

and the stored up energy of radiation is equivalent to a verti- 
cal work. 

It follows from these considerations that we obtain 

Since P= B/J,,, yo, we obtain in a stratum of inem p, 

I ( E ,  - B )  = 
(52) { 2 YoPr,,  

/' [(q'--'Iq,)+ag(z-.,)] 

1 1 = ,, p- [ (Q- Q O ) -  C;, n ( T- To) - C>,T log T ( n - n , , )  
n , , P I l L  

It is readily perceived that the introduction of the factor 11 
and the correlation of the premure, velocity, gravity, radiation, 
specific heat, temperature, and gradient, in this double eciua- 
tion leads to an innumerable iiumber of special combinations, 
taken in connection with the equations of thermodynamics. 
These embrace the first ancl second laws of thermodynamics, 
cyclic processes, the entropy ,\', the inner energy 1; the ther- 
modynamic potentials ( F .  (I); the adiabatic, isodynamic, iso- 
iiietric. isotliermal physical processes; diflerential relatione 
with pairs of variables; thermodynamic surfaces and lines in 
gases; the adiabatic, isodynaiiiic, isenergetic, and isopiestic 
processes with other variables in pairs; the gaseous, liquid, 
and solid phases; latent and specific heat; mixtures and 
chemical transformations, clieniical dissociation, their solu- 
tions, and other relations, involving ionization, electrical and 
magnetic fields of force. This vast subject is open to mete- 
orological investigation in the atmosphere, and will no doubt 
eventually lead to important 1)ractical results. 
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VI. FOUR SYSTEMS OF CONSTANTS FOR THE ATMOSPHERE. 
In the application of these formulae to computations of ther- 

modynamic and dynamic problexs in the atmr sphere, i t  wili 
be convenient to have for ready reference a table of the most 
important constants, with their equivalents in the four systems 
of units likely to be used. Table 14 presents such a compila- 
tion of constants in the following systenis of mechanical or 
gravitational units: 

1. Meter-kilogram-second-centigrade degrees. 
2. Centimeter-gram-second-centigrade degrees. 
3. Meter-gram-second-centigrade degrees. 
4. Foot-pound-second-Fahrenheit degrees. 
There is often so much confusion in discussing meteoro- 

logical problems arising from the uR'e of now one system, again 
another system, and even a hybrid system, that it may be a 
check against errors for those students who conform to the 
constants here given. The short formule in the first column 
define the quantities with precision, and the numerous trans- 
formations possible among them give rise to many combi- 
nations such as occur in various mathematical discussions. 
Indeed, i t  is surprising to note how large an amount of cur- 
rent meteorology, occurring in treatises and analytical papers, 
can be readily reduced to these elementary formulae, and in 
reading a new presentation of primary principles it is proper 
to find whether they conform to these elementary theorems 
or not. We use the symbols: 

conntnntx fur the ntmoephere iir grairitationnl m i t w .  TABLE 14.-Mechanical eynlpnw 

0 c'. 
Meter-gram. 

0 c. 
hIater-kilogr;riii. 

Lq. 
9.8060 0.99149 

13595.8 4. 13340 

0. 71% 9.88lihl 

101323.5 5.00571 

9.3060 0.99149 

1,29305 0.11162 

7991. (11 3.902tiO 

101323.5 5.00571 

Log. 
9. sn6o 0.99149 

13. 5 9 s  1. 13340 

0.760 9.88081 

101.3235 2.00571 

Loq. 
wm. 60 2. 99149 

I:;. 595b I .  13340 

76.0 1.830S1 

h113'235. I;. 00571 
~- 

930.60 2.99149 

0.00129305 7.11162 

iY ! l l .  IJ4 5. 90260 

101X23.5. ti. 00571 
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Pa = pressure in units of force, go. 
p, = the weight of a given mass of atmosphere, p,,,R,, = 
C,, = the specific heat at constant pressure. 
C'" = the specific heat a t  constant volume. 

k = -  CP R = Cp - C , ,  

d T 
C,! 

- = the temperature fall per unit height in adiabatic state. 

_ -  the mechanical equivalent of heat, 426.8 and 777.9. 
A -  

% = the factor to change mec,hanical units to heat units. A 
F = the factor connecting the thermal gradient and  Po. 
H = the number of British thermal units in 1 kilogram- 

degree. 
VII. THE THERMODYNdMIC ('ONSTANTS FOR THE SUN. 

There is much di6culty in passing from the theniiodyiia~nic* 
conditions on the earth to the corresponding thermodyna~~iic 
conditions on the sun. I have a l r e d y  approached this sub- 
ject from the side of radiation iu niy " Eclipse Meteorology 
and Allied Problems," 1902, and froiii the method of Nipher's 
FormulE, in my studies on the c L  Circulation of the Atmos- 
pheres of the Sun and of the Earth," 1904. I shall briefly 
present the same subject as the immediate development of the 
fundamental formule introduced in this paper. It is not so 
difficult to produce a self-consistent system of quantities as it 
is to find one which conforus to the actual physical state of 
the sun, and I conceive that it is proper to discuss this sub- 
ject in several ways. 

Simjfic heat. 
From the preceding foriiialw, me have, 

Since pl~8Blt  = p 1 is a given mass. and F is constant for a given 
system of units, it follows that ( I t ,  is proportional to the square 
of the gravity. 

it  follows that the specific heat on the sun is 

0 0. 

Taking the force of gravity on the sun, 
(55)  (9) d l o ,  = !/, x 17 = 9.806 x 4K.026 = 274.843 

( 56 ) (4) 81111 = C, x Gs = 993.57ST x (2X.028)' = 780544. 
Adinbntic rate qf tPiicprat 11 re-fdl. 

d T  
tlz c ,I ( 57)  or the earth - ~ = g: = 9.8(i950 per 1000 meters. 

Xwhai i  ical eq i t i tdent  of heat. 

(59)  From- d2' ~ - - ''0 for the earth, we have on the sun, dz - c, 
-- d T  - yo! 
Gdr - c7,az ' 

Hence, by integration, 

( 6 1 )  

( 6 2 )  

- C i 1 2 G 2 f d T =  go(; J' (A?:, or, 

- C'2jG2(T- To)  = <J,,(; (T - :") . 
If the change of temperature is lo then. 

(63) - Cl,GP = v0G (C - z0) G ,  
is the mechanical equivalent of heat, and is obtained by the fall 
of a mass through the height ( -  - z o )  G under the force of 
gravity g,G. 

1 
Whereas on the earth, 

- 4185.57 = 426.8 x 9.8060, we have (64 )  -- 
A IIG 

4185.57 x (28.02S)'= 3288016. 
1 

Bo yle-Gay-Litsaac Law. 
From the formu1E of Table 14, we have, 

(65 ) (-4 l ; ) 8 / / 1 2  = 

on the earth, and we infer that we shall have on the sun, 
P, G3 

f 'n 
( 6 7 )  ~ / , C . l o O 2 =  ~- - R(P. TOG = ~ ! l l ( F .  TOG 

Hence, 

( 6 8 )  1,)P = 79!11.01 x (28.028) *. 

( 7 0 )  
( 7 1 )  l T , , ( f  273O x 28.U2S = 76520, 

( 6 9 )  Z',,f7 = 101313.5 x (2S.028)3. 
A'(;* = 587.0334 x (48.0%) '. 

k - 1  
if - - is retained a constant in both cases. k 

If the atniosphere of the sun is composetl of some other 
material than :lo of the earth's atmosphere. then the proper 
modification of the prececling quautities can be readily com- 
puted from terrestrial data. 

,\)wc(lk heat nt constant t d i i n w .  

For the earth. C', = til, - R, aiicl hence, for the bun, 
(7 '3 )  i!,,ii2 = (lP(P - RG' 

1 1 , .  (;y 

( ,  . ( r  

( 7 3  ) ( I ',,),,,,, = ( '/ (f' = 706,5453 x (2X.oss)' : 55.5010. 

( 7 1 )  
This system throns the entire emphasis upon a change of 

gravity depending upon the mass of the central body, rather 
than upon the change of physical conditions implied in alter- 
ing the ratio of the specific heats X .  Since tlie temperature 
of the photosphere may in this way be taken as about 7658", and 
the temperature gradient -0.328Gd' per 1000 meters, i t  follows 
that the effective temperature of radiation as determined by 
bolometer measures, G l O O " ,  will be reached a t  the height of 
441s kilometers, or 3745 miles above the surface of the photo- 
sphere. This change of 1.55'3' iuay be sufficient to meet the 
requirements of the spectroscopic observations in regard to 
the absorption auil reversal of the spectrum liues. The gra- 
dient, -0.32S62' per 1000 meters, is 48.02s times greater than 
that obtained by other methods, the difference arising 
from the different distribution of the gravity factor Q, which 
seeins to be fully accounted for in these formuls. 

GERMAN AERIAL RESEARCH STATION. 
ilccording to Science (April 6, 1906, p. 559), the German 

Government has decided to establish a meteorological station 
on Lake Constance, near Friec7riclishafeu. It will cost $15,000, 
the states of Bavaria, Wurttemberg, Baden, and Alsace-Lor- 
raine joining in the expense. Estensive study of the atmos- 
phere will be iuacle daily by means of kites flown from fipeci- 
ally constructed boats on the lake. Siiiiilar bite and balloon 
stations already exist in northern Germany, at Lindenberg and 
Hamburg, and plans are being made to erect still another sta- 
tion in the northeastern part of the Empire. 

Finally, X ,  = -:-T! = 1.4062486, as a check. 

A NEW DEPARTURE IN FORECASTING. 
The following statement has been sent by the Chief of 

Bureau in reply to a recent letter. requesting some details 
regarding the '' new departure iu forecasting weather condi- 
tions a month in advance:" 

Beyond the statement made by me in New Tork, iu March, that the 
Weather Bureau helieves that it ih in possession of a sound scientific 
hash on which to make forecasts for a ronaidertllJlr period in adrauce, 
nothing will Ibe niinounced in  regard to the matter for several ninnths to 
come. 


